Particle physics is a relatively young subject. The atomic nucleus was disco vered only at the beginning of this cen tury and the neutron identified in the thirties. Furthermore, only since the se cond world war has the richness of the subnuclear particle spectrum been re vealed as accelerators of steadily increa sing energy have become available, and the first relativistic quantum field theory, Quantum Electrodynamics or QED for short, been fully developed.
Pre-war physics had already identified the interactions which dominate particle physics: the strong nuclear interaction, the electromagnetic interaction and the weak interaction, responsible for nuclei and β-particle decays. This allowed a first classification of particles into two broad categories. The hadrons, particles such as the proton, the neutron, the π-meson etc., which respond to the strong interaction (as well as to the others) and the leptons, particles which are subject to the electromagnetic and weak forces only. The lepton category is known today to include the electron, the muon and the recently discovered τ-lepton, together with three corresponding kinds of neutrinos (being electrically neutral, neutrinos interact only through the weak force).
In a relativistic quantum field theory, forces are themselves transmitted by particles, so there should be a third cate gory, that of the force carriers. Of the lat ter, only the photon, the go-between of the electromagnetic interaction, was known to pre-war physics. The strong interaction was supposed to arise from the exchange of the Yukawa π-meson and the weak force was suspected to be transmitted by a hypothetical heavy par ticle, later called the intermediate weak boson. The present theory of particle in teractions, the Standard Theory, makes a much simpler and definite statement: all forces are transmitted by spin one (photon like) particles, universally cou pled to the matter fields through a set of conserved, or only softly broken, charges.
Great progress has also been made in our understanding of the hadrons. Spec troscopic evidence has made it clear that hadrons are composite states of spin 1/2 objects, named quarks by their inventor, M. Gell-Mann. Quarks are the really elementary constituents of hadro nic matter, or at least they appear to be so up to the highest energies so far ex plored. In close analogy with the three lepton families (ve, e), (vμ, µ) and (vτ, τ), the Standard Theory requires the exis tence of three quark families, denoted by (u,d), (c,s) and (t,b). The u, d and s (up, down and strange) quarks account for the normal nuclear matter and for the strange particles; the charmed, c, and beauty, b, quarks are the constituents of the charmed and beauty particles disco vered in more recent years. Firm experi mental evidence for particles made of t-quarks is still lacking.
Symmetry
A crucial role in the standard theory is played by the notion of internal, con tinuous symmetry. The concept was first introduced by W. Heisenberg in the thirties, to account for the close similari ty of the nuclear interactions of protons and neutrons. The isospin symmetry and its further extensions have been very useful in classifying the levels and the selection rules of the hadronic spec trum.
The further step, which leads directly to the present theory of the weak and electromagnetic interactions, is to use the symmetry to determine the interac tion, rather than simply restrict it. The way this comes about is analogous to the way the minimal interaction is in troduced in QED. There, the substitu tion :
pµ → pµ -eQ/A µ (1) where Q is the electric charge in units of the proton charge e, and is the vector potential, guarantees the symmetry under local gauge transformations. At the same time, it gives rise to a com pletely prescribed interaction. Similarly, if we denote by T i the generators of some internal symmetry group G, the substitution :
gives rise to a unique interaction of the matter with the vector fields Aiµ , which is symmetric under the local symmetry transformations of G, provided we sub ject the Ai µ to an appropriate gauge transformation (Yang, Mills 1954) . It takes only a little more mathema tics, and a good dose of hindsight, to show that the substitution eq.(2) is able to generate interactions which include the familiar electrodynamics (T = Q) as well as the universal β-decay inter action, assumed to be mediated by char ged vector particles. Definitely less sim ple to understand is how the symmetry is broken, so as to produce at the same time massive weak vector bosons and a massless photon. As in quantum elec trodynamics, exact gauge invariance implies that the vector potential descri bes a massless particle. Gauge inva riance has to be broken if weak interac tions are mediated by intermediate bosons as they are observed to be. How then do we make all this into a theory which is mathematically consistent (read: renormalizable) as QED is by itself? This can be obtained if scalar fields are present whose vacuum expec tation value breaks G, leaving the gauge transformations of QED exact (Higgs mechanism).
When all is said and done 1), one ob tains the following picture: The minimal group needed for realistic weak and e.m. interactions is : G = SU(2) x U(1) (3) It requires four vector particles (one for each group generator) and two indepen- Table 1 -Values of sin2θ determined in different experiments, see the reviews in ref. (2) for more details and for reference to the experimental papers. The last column gives the radiative cor rection which has been applied to the value of sin2θ, to make it agree with the definition in eq. -dent couplings (one for each commuting sector). The lowering and raising gene rators of SU (2) transform, e.g. ve into e, or u-quarks into d-quarks (and viceversa). The corresponding vector bo sons, W±, are therefore electrically charged, and mediate the usual β-decays. Of the other two, one vector field is the photon, but there remains a fourth neutral boson, denoted by Z, which couples universally to a combina tion of the e.m. current and of the current associated with the third generator of SU (2) : (4) where g denotes the coupling constant associated with SU(2) and θ a new parameter, related to g and to the elec tric charge : sin θ = (e/g) (5) The W± and Z masses are predicted to be : Mw = (πα/√2G)1/2/sin θ (6) Mz = M W /cos θ (7) with G and α the Fermi and fine-struc ture constants.
The existence of new processes, me diated by Z, and the mass relations (6) and (7) are the most outstanding predic tions of the Standard Electroweak Theo ry. Z-mediated processes have been carefully scrutinized and can be clas sified as follows.
i) Parity violation in atomic levels (due to the interference of Z-exchange with the Coulomb potential); ii) asymmetries in the scattering of longitudinally polarized electrons off a nucleus, e.g. deuterium, again due to γ-Z interference ; iii) neutrino, Z-mediated, scattering off atomic electrons or nuclei. The observation of any of the above processes leads to a value of the new parameter, sin2θ, and the consistency of the various values gives, of course, a significant test of the electroweak theory itself. The results accumulated over the last decade are summarized in Table 1 . Notice that processes i) to iii) in volve energies from the atomic level up to the highest energies of the available vbeams (corresponding to a centre of mass energy of the order of 20 GeV) a span of more than nine orders of magni tude.
The discovery of W+ and Z is a great success. To make this more quantitative we can use the measured masses to ob tain two other determinations of sin2θ, see eqs.(6) and (7). The most recent values are again given in Table 1 , and seem to agree quite remarkably with the previous determinations.
As in any renormalizable theory, the various processes are affected by finite and calculable higher order corrections. Table 1 gives the correction to the lowest order value of sin2θ in each pro cess, needed to make it agree with the conventional, but convenient, defini tion :
The correction is still quite comparable with the experimental errors, but there is a systematic tendency for it to make the different values of sin2θ agree better. More precise determinations of Z and W mass, with SLC and LEP, and of the vµ-e cross-section (CHARM II) should im prove significantly on this point.
Colour
Perhaps the most spectacular aspect of the Standard Theory is that the strong interactions which bind quarks inside the hadrons are also described by a gauge interaction, similarly to the elec troweak sector.
This time, the vector fields (gluons) couple to a hidden symmetry of the quarks, conventionally dubbed colour. We do not see colour in the hadronic spectrum, since hadrons are all colour singlets, but we can detect its presence in many ways (for instance, the quark wave-function in the proton is sym metric in all other quantum numbers; it is colour which restores the Pauli prin ciple).
Colour is an exact symmetry, and gluons are massless; yet we do not observe gluons to come out of the hadrons in high-energy collisions. This peculiar phenomenon (colour confine ment) is believed to be related to the behaviour of the interaction strength with the distance, which can be studied with renormalization-group techniques. In a Yang-Mills theory, it is found that the effective coupling between two colou red objects decreases when the dis tance is reduced (asymptotic freedom) and, conversely, it increases for large distances. Thus, if we try to separate e.g. a quark from a gluon, the interaction energy increases up to a point where quark pairs are created from the vacuum which neutralize the colour of the gluon and make it appear in the form of a jet of colour-neutral particles.
Asymptotic freedom is the key con cept, which has made it possible to test quantitatively the theory of quarks and gluons (Quantum Chromodynamics, QCD for short) although we have never observed either a quark or a gluon. In processes involving large momentum transfer, i.e. short distances, we can use perturbation theory to obtain meaning ful predictions. One such is illustrated in Fig. 1 , where the transverse momentum distribution of W bosons produced in p-p collisions is reported : p + p → W + hadrons (9) The long tail, at pW T ≥ 10 GeV, arises in the theory mainly from the emission of a single hard gluon, which is seen as an energetic jet of normal hadrons in the apparatus. The QCD prediction agrees with the experimental cross-section also in the absolute normalization. This is interesting because to produce the W, a colour singlet, a quark in the proton must find an antiquark in the antiproton, precisely of the opposite colour, which gives a factor three reduction in probabi lity over the case had quarks no colour.
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The data definitely support coloured quarks.
Open Problems The fact that all particle interactions are described with the same type of Yang-Mills theory leaves ample ground to suspect that a further embedding of the Standard Theory into a more unified structure is needed. The peculiar ab sence of gravity in the present scheme is another valid reason.
It must be stressed, however, that there still remain many areas, within the theory itself, which need further theore tical and experimental investigation.
A definitive consequence of the way the electroweak symmetry is broken is the existence of a neutral spinless parti cle, the Higgs boson, which has escaped detection so far. The reason why it is so difficult to observe is that it couples to the particle mass, i.e. it is only feebly coupled to the light matter in the avai lable beams. The next generation of machines should produce abundantly various types of heavy particles, W, Z and perhaps t-quarks, and make the observation of the Higgs boson possible. Until this particle has been definitely ob served, we cannot claim to understand where W and Z get their mass from.
Short distance processes, where per turbative QCD can be applied, are only the tip of an iceberg made by the wealth of data from non-perturbative processes (hadronic spectra, cross-sections etc.). The present, most promising approach to non perturbative QCD is computer simulation of the theory on a discrete lat tice. Aside from practical results, it is hoped that the large efforts being made in this direction will give valid clues for a more direct and analytic approach. 
The Evolution of Particle Accelerators
Bryan W. Montague, Geneva (CERN) Over the past forty years or so, par ticle accelerators have undergone tre mendous developments, both in energy and in design subtlety. Each energy re gion explored has revealed new features of the structure of matter, but has also raised further questions that required higher energies for their elucidation.
Progress in this field has come about both by major conceptual advances and by a steady evolution in theoretical understanding and applied technology. The phase-stability principle and the in vention of alternating-gradient focuss ing had a major and lasting impact, and the concept of colliding beams has be come indispensable for elementary-par ticle physics at the higher energies.
It had been recognised early on that, in collisions between particles of equal energy moving in opposite directions, the combined energy of both particles is available for the reaction. This contrasts with particles incident on a fixed target, where much of the energy goes into moving the centre of mass. However, to exploit the kinematical advantage of col liding beams requires high beam densi ties in order to obtain adequate interac tion rates or, in other words, sufficient luminosity. By the 1960's the understan ding of accelerator beam dynamics to gether with advances in the technology, made it possible to build useful collidingbeam facilities. By this time also their introduction was becoming really ne cessary because of the size that accele rators had reached.
In the past fifteen years, collidingbeam physics has been pursued in sto rage rings of roughly circular shape. These machines fall into two main cate gories, electron-positron colliders and hadron colliders, the latter producing proton-proton (p-p) or proton-antiproton (p-p) collisions. Both types obtain suffi ciently high beam densities by the accumulation of many injected bunches of particles. Production of anti-proton beams of sufficient density became possible thanks to a major innovation, namely stochastic cooling. This relies on progressively applying correction signals derived from average measure ments over a cross-section, to a circu lating beam in which continuous mixing of the particles occurs. The net result is a reduction in the relativespread as the beam cools.
Future Needs of High-Energy Physics
Accelerators in the future will be colliding-beam machines either for elec trons (e+ -e-) or for hadrons. The diffe rence between these is significant in several respects. First the point-like na ture of electrons yields very "clean" phy sics with relatively little background, and the full energy of the collision is available for producing other particles and states. In contrast, the quark struc ture of hadrons leads to much of the col lision energy appearing in the form of rather uninteresting "soft" interactions, making the "hard" quark-quark colli sions less numerous and more difficult to investigate. Consequently, electron colliders are desirable for detailed preci sion measurements of high-energy pro cesses, whereas hadron colliders have certain advantages for making new discoveries.
For future electron colliders we shall have to abandon the circular storage ring shape because of energy loss through synchrotron radiation, which in creases with the fourth power of the energy. The Large Electron Positron (LEP) machine under construction at CERN, with a circumference of 27 km
